Abstract-The photodiode impact on the phase noise of an optical link, and particularly its ability to convert the laser amplitude noise into microwave phase noise, is studied and modeled. The model involves a nonlinear RC cell which describes a photogeneration delay which is a function of the optical power. The whole system is then implemented on a microwave CAD software, and the link gain and phase noise performance are computed.
I. INTRODUCTION
Fiber optics links are widely used for time and frequency applications. These systems are able to transfer a clock or a frequency reference signal on a long distance. They may be used also for short distance frequency distribution, particularly in embedded systems (plane, satellite, boat) where they efficiently replace coaxial cables thanks to the low size, low mass and wide bandwidth of the optical fiber. Finally, fiber optics devices are the earth of some frequency generation systems, such as optoelectronic oscillators (OEO) [1] and optical comb frequency references [2] .
In all these systems, the noise added to the microwave signal by the optical link is a problem, and the challenge is to reduce as much as possible its contribution. The noise floor and the carrier to noise ratio (CNR) of an optical link are well known and can be computed using textbook formulas [3] which involve some classical parameters such as the laser (high frequency) relative intensity noise (RIN), the photodiode shot noise and the load thermal noise. When a sinusoidal signal is transmitted through the optical link, the phase noise floor in rad 2 /Hz is the inverse of the link CNR. However, if such an approach is able to describe the far from carrier phase noise floor of the optical link, it is unable to describe it's close to carrier phase noise.
The close to carrier phase noise is the result of various nonlinear processes able to fold the devices low frequency (LF) noise components around the radio frequency (RF) carrier. The devices featuring LF noise in an optical link are mainly the laser and the optical fiber. The laser is affected by amplitude and frequency fluctuations, which both feature a 1/f like shape at low frequency (of course, the shape can vary largely from pure 1/f spectrum to a spectrum with various and complex slopes, depending on the physical processes involved in the laser). The laser frequency noise (FM noise) can be demodulated in a system where the frequency dispersion is high, such as in an optical fiber of a few kilometers [4] . The laser amplitude noise (AM noise) will be more easily converted into phase noise by any component for which the transit time depends on the optical power, and this is the case of the photodiode [5] . The optical fiber may also generate a low frequency phase fluctuation, if it is long enough (a few kilometers) and if it is fed with a relatively high optical power [6] . This is due to phenomena such as Rayleigh scattering or Brillouin scattering. Fortunately, these phenomena can be controlled by limiting the optical power and, if possible, by using optical isolators. Compared to the laser, the excess low frequency noise of the photodiode is very weak. By proper cancelation of the laser AM noise with balanced photodiodes, this LF noise has been measured to be about 25 dB lower than the laser induced current fluctuations noise [6] . Therefore, the only noise source associated to the photodiode in our model is its shot noise.
However, the even if the photodiode is not a noisy device, it is able to convert the laser amplitude fluctuations into RF phase fluctuations. This phenomenon has been described by different authors and has been taken into account for the optimization of OEOs [5, 7] . It was therefore essential to include its description in our modeling approach of microwave optical links and systems. This approach has been detailed elsewhere [8] . It is based on a commercially available harmonic balance microwave circuit design software (ADS), in which the optical elements have been described with the equivalent electrical circuit approach or with equivalent mathematical black box models ( Figure 1 ). The laser is described using an amplitude modulated frequency source and the Mach Zehnder modulator is described with its 1+cos x response in a symbolically defined device (SDD). Up to now, this model was unable to compute the optical link 1/f phase noise. With the introduction of a nonlinear model of the photodiode, a 1/f phase noise component can now be observed.
II. PHOTODIODE MODELLING
In the above described model, the photodiode was up to now described by a quadratic detector, i.e. a current generator proportional to the optical power, followed by a passive circuit network in charge of the modeling of the photodiode frequency response. However, in real world, the photodetection is not instantaneous, and a delay has to be included in the model. This delay depends on the number of carrier generated, and increases with this number [9] , and then decreases again when the photodiode saturates. This phenomenon directly translates into RF phase variations with an increase of the phase with the optical power at low optical power, and then a decrease. It is thus obvious that any amplitude fluctuation of the optical power will be converted into a fluctuation of the RF phase at the photodiode output. Different photodiode models have been published [10] [11] [12] [13] , using different equivalent circuit approaches. However these models focus more on the amplitude response, or on the intermodulation response, than on the phase response. We have thus derived our own model, taking into account some of the approaches already proposed by the preceding authors, and particularly the description of the delay using an RC cell [11] .
The model is depicted in Figure 2 . It is composed of three successive cells: a nonlinear RC cell to describe the photogeneration delay, a black box which consists in an isolator with a current compression equation (to describe the amplitude saturation) and the output filtering network (to take into account the limited frequency bandwidth). In the RC cell, only the capacitance is nonlinear, and it is described with a second order polynomial expression. The current compression cell involves an hyperbolic tangent function to make the current saturate at a given value.
To compute the model parameters, it is necessary to measure the photodiode RF phase response. This is performed with the measurement bench described in Figure 3 , using a vector network analyser (VNA). The optical power on the photodiode is controlled in this set up thanks to an optical attenuator located just before the device under study, in order to keep all the other devices (laser, MZM) in the same operating conditions. The MZM is stabilized either using a passive temperature control or an active bias control system. The measurement of the phase of the S 21 parameter is depicted in Figure 3 for a Discovery DSC30S photodiode. It shows the characteristic shape already observed in the past [5, 7] , with a maximum at which the conversion of optical AM to RF phase is null. In the case of the measured photodiode, this maximum is close to 10 mW optical power. Also the phase change with the optical power increases with the increase of RF frequency, as shown in the figure for three frequencies : 2 GHz, 5 GHz and 10 GHz.
The parameters of the model depicted in Figure 2 are then adjusted to fit the measured data. A fit is possible with a nonlinear capacitance described by an order two polynomial expression (versus the voltage seen by the capacitance). The three coefficients of the polynomial expression are thus adjusted to fit the phase measurements simultaneously at the three measured frequencies, and the results are depicted in figure 4 . In spite of the model simplicity, the variation of the RF phase is efficiently described: the simulated phase maximum is close to 10 mW, the general shape of the curve is very similar to the measured one and the increase of the phase with the RF frequency is well described. Of course, better precision could be obtained with a more complex model, but taking into account the difficulty of such phase variations measurements (less than 2° overall variation), which requires a difficult calibration procedure and a good thermal control of the devices (particularly the Mach Zehnder modulator), the proposed model appears to be well fitted to the applications. The final error in phase is less than 0.3°, which is close to the measurement precision. Moreover, a simple model (same set of parameters whatever the RF frequency) is much safer with respect to further computations, and particularly for the convergence of the harmonic balance software. The amplitude variations of the S 21 parameter are also described in the model, as shown in Figure 5 . In this figure, the frequency response of the photodiode is depicted at different optical power levels. The amount of optical power received does not change this frequency response, but the RF output power increases with this optical power with a 2 dB RF gain every 1 dB optical power gain, up to the photodiode saturation power.
III. PHASE NOISE SIMULATION
The harmonic balance technique involved in ADS is a simulation approach which is able to compute the performance of a circuit or a system operating at different frequencies, with a large gap between each frequency. This is due to a description in the frequency domain instead of the time domain. Only the nonlinearities are computed in the time domain and the result is fed-back to the simulator through a fast Fourier transform. In our simulations of optical microwave systems, three different spectral domain are concerned: the low frequency range (DC to 100 kHz), the RF range (ex: a 10 GHz signal and its harmonics) and the optical range (194 THz). The harmonic balance approach is perfectly fitted to this problem since it only takes into account the frequencies that have been selected to be the simulation frequencies.
Concerning the noise simulation, the harmonic balance approach includes a specific module which is able to compute the effect of a small perturbation at a given frequency on any other simulation frequencies, in amplitude and phase. This module not only allows the description of a quasi static perturbation, but is also able to take into account a possible frequency dispersion in a small frequency bandwidth around any of the simulation frequencies. In other words, it is the perfect tool to compute the conversion of a noise at a given frequency towards another frequency of the analysis (in this case, the RF frequency).
In the model depicted in Figure 1 , the only noisy device is the laser. It is described by its amplitude noise (RIN), thanks to an amplitude modulator. The phase noise of the laser could also be easily included in the model. However, in this case, there is no element in the model able to perform a conversion of such noise. In a near future, a model of a dispersive optical fiber will be included in this approach, and in this case the laser frequency noise will be of interest. Finally, for the noise simulations, a shot noise source is added to the photodiode model (current white noise of spectral density 2qI o , with q being the electron charge and I o the DC photocurrent). The parameters of the noise source feeding the AM modulator are then adjusted such that the laser RIN simulated around DC on the photodiode can fit the measured LF RIN of the laser. This noise source is simply described by the sum of a 1/f noise and a noise floor. Figure 6 depicts the simulated RIN for three optical power levels. These results corresponds to measurements spectra which have been obtained on a high power EM4 semiconductor DFB laser, similar to the measurements described in ref [4] for the same device.
A first solution to compute the effect on the phase noise of a single noise source is to compute the transfer coefficient between this noise source and the RF phase noise. This coefficient corresponds to the slope of the Figure 4 curve, and is depicted in Figure 7 . However, this approach may lead to errors if other noise sources have to be considered. The 10 GHz phase noise is thus more efficiently computed with ADS using the dedicated variable for nonlinear noise simulation (pnmx). The result is depicted in Figure 8 . As shown in this figure, the only important 1/f noise contribution which appears in the simulated data is at high optical power level (20 dBm). Further work has to be performed to compare these data to the measurement. However, such a comparison is difficult because the optical amplifier used in this experiment is also noisy [14] and it is hard to discriminate between the laser noise and the amplifier noise.
IV. CONCLUSION
A model of a microwave photodiode, able to describe the nonlinear transit time effects, has been presented. This model is relatively simple and compares well with the simulated data, and particularly the microwave phase data at various microwave frequencies. It has been included in a model describing a complete optical link and has been used to simulate the residual phase noise of this link. The model predicts the conversion of the laser amplitude noise into microwave phase noise, and could be use efficiently to evaluate not only the noise of the optical link but also optoelectronic oscillators phase noise.
